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SOME PARAMETERS AFFECTING THE PERFOIWANCE O F  PNEUMATIC TIRES 
ON WET PAVEMENT 
By Tra f fo rd  J. W. Leland* 
NASA Langley Research Center  
ABSTRACT 
T h i s  paper d i s c u s s e s  some of t h e  important d e t a i l s  of t i r e  t r e a d  d e s i g n ,  
and p r e s e n t s  some tes t  r e s u l t s  showing how t r ead  des ign  parameters can d e l a y  
t h e  b u i l d u p  of hydrodynamic p r e s s u r e  i n  t h e  t i r e  f o o t p r i n t  area and improve 
braking and co rne r ing  t r a c t i o n  on w e t  o r  f looded pavement su r faces .  It i s  
a l s o  shown how even minor d i f f e r e n c e s  i n  pavement t e x t u r e  can be of extreme 
importance i n  providing good t r a c t i o n  under w e t  c o n d i t i o n s  , and a proposed 
technique f o r  measuring s u r f a c e  roughness and p r e d i c t i n g  t h e  w e t  f r i c t i o n  
l e v e l  of a g iven  pavement t e x t u r e  i s  discussed.  
b r i e f  summary of c u r r e n t  r e sea rch  on t i r e  hydroplaning. 
The paper concludes w i t h  a 
INTRODUCTION 
The main area of i n t e r e s t  a t  t h e  Landing and Impact Branch a t  Langley 
Research Cen te r  i s  i n  t h e  landing and ground handl ing problems of a i r c r a f t .  
Recent s t u d i e s  have been concen t r a t ed  on t h e  problems of w e t  runway braking 
and d i r e c t i o n a l  c o n t r o l ,  and on t i r e  hydroplaning. 
t i o n  of a i r c r a f t  d i f f e r s  g r e a t l y  from normal automobile o p e r a t i o n s ,  much of 
what has  been learned of t h e  a c t i o n s  and i n t e r a c t i o n s  i n  t h e  t ire-to-ground 
i n t e r f a c e  under  low f r i c t i o n  c o n d i t i o n s  can b e  extended g e n e r a l l y  t o  a l l  
pneumatic tires. It i s  t h e  purpose of t h i s  paper t o  p re sen t  t h e  r e s u l t s  of 
While t h e  mode of opera- 
L-4666 
,, 
some l imi ted  w e t  runway t e s t i n g  of automobile t i r e s ,  and t o  d i s c u s s  some 
t r e n d s  ind ica t ed  by f a r  more d e t a i l e d  t e s t i n g  of a i r c r a f t  t i res .  
RESEARCH FACILITY 
A l l  tes ts  t o  be desc r ibed  were conducted a t  t h e  landing  loads  t r a c k ,  
shown schemat ica l ly  i n  f i g u r e  1. A complete d e s c r i p t i o n  of t h e  o p e r a t i o n s  
and c a p a b i l i t i e s  of t h e  t r a c k  i s  conta ined  i n  r e f e r e n c e s  1 and 2,  bu t  f o r  
t h e  b e n e f i t  of t hose  who may no t  be  f a m i l i a r  w i t h  t h i s  f a c i l i t y ,  a b r i e f  
d e s c r i p t i o n  of t h e  t r a c k  and i t s  o p e r a t i o n  fo l lows .  The t e s t  c a r r i a g e  i s  
ca t apu l t ed  t o  speeds i n  excess  of 120 miles pe r  hour  by a water-jet 
c a t a p u l t ,  shown on t h e  l e f t  i n  f i g u r e  1, which, through a seven-inch d i ame te r  
nozz le ,  expe l s  a j e t  of water under  t h e  i n f l u e n c e  of a i r  a t  p r e s s u r e s  u p  
t o  3,260 p s i .  
turned down and around through approximately 180 degrees ,  and d ischarged  
rearward. The c a t a p u l t  deve lops  a maximum t h r u s t  of  350,000 pounds which 
i s  s u f f i c i e n t  t o  accelerate t h e  100,000 pound t e s t  c a r r i a g e  t o  t o p  speeds 
i n  about  t h r e e  seconds,  i n  a d i s t a n c e  of  300 t o  400 f e e t .  Following accel- 
e r a t i o n ,  t h e  c a r r i a g e  c o a s t s  f r e e l y  f o r  about  1 ,200 f e e t  through t h e  tes t  
s e c t i o n  be fo re  c o n t a c t i n g  t h e  a r r e s t i n g  g e a r s  which s t o p  t h e  c a r r i a g e  i n  
t h e  600 f e e t  of t r a c k  between t h e  a r r e s t i n g  c a b l e  engagement and t h e  s t o r a g e  
shed. The t e s t  s e c t i o n  may be  any d e s i r e d  type  of landing  s u r f a c e  such as 
conc re t e ,  a s p h a l t ,  i c e ,  carrier deck ,  e t c . ,  and t h e  s u r f a c e  wetness  c o n d i t i o n s  
may be  c a r e f u l l y  c o n t r o l l e d .  
c a r r i a g e  i s  a d rop  frame t o  which t h e  t e s t  landing  g e a r  o r  o t h e r  f i x t u r e  i s  
I 
I , 
I 
This  j e t  i s  rece ived  by a bucket  on t h e  back of t h e  c a r r i a g e ,  
- 
4 
Inco rpora t ed  i n  t h e  d e s i g n  of t h e  main tes t  
a t t a c h e d .  
g e a r ,  and s ink ing  speeds a t  ground c o n t a c t  u p  t o  20 f e e t  p e r  second may be  
S t a t i c  loads  i n  excess  of 20,000 pounds may be  a p p l i e d  t o  t h e  
2 
achieved by proper p o s i t i o n i n g  of d rop  he igh t .  
landing c o n t a c t  parameters t hus  permits  a d e t a i l e d  i n v e s t i g a t i o n  of many 
Close c o n t r o l  of a l l  p r i n c i p a l  
d i f f e r e n t  landing impact and ground handl ing problems. 
P a r a l l e l i n g  t h e  main test  t r a c k ,  as i n d i c a t e d  i n  f i g u r e  1, i s  a water 
tank which, t o g e t h e r  w i th  a smaller, s p e c i a l l y  designed c a r r i a g e ,  i s  used 
on occasion f o r  h igh  speed hydrodynamic research.  
c a r r i a g e  have been modified as shown i n  f i g u r e  2 ,  f o r  s p e c i a l  s t u d i e s  of 
T h i s  tank and small 
smaller a i r c r a f t  t ires and automobile tires. An a i r c r a f t  landing g e a r  
shock s h r u t  i s  p res su r i zed  through a l a r g e  accumulator t o  provide a c o n s t a n t  
v e r t i c a l  load on t h e  t i re .  P r o v i s i o n s  have been made on t h e  f i x t u r e  f o r  
t h e  i n s t a l l a t i o n  of a braking system, and f o r  yawing t h e  f i x t u r e  u p  t o  about 
10 degrees .  I n  t h e  bottom of t h e  t ank ,  a c a r e f u l l y  l eve led  c o n c r e t e  test 
- s t r i p  about  200 f e e t  long and two f e e t  wide w a s  i n s t a l l e d .  Inco rpora t ed  i n  
one end of t h i s  test s t r i p  w a s  a g l a s s  p l a t e  which had formerly been used 
f o r  underwater photography of hydrodynamic models. 
c 
A c l o s e - u p  view of t h i s  
p l a t e  and t h e  tes t  f i x t u r e  i s  shown i n  figure 3 .  High speed motion p i c t u r e  
cameras and flash-equipped s t i l l  cameras were i n s t a l l e d  beneath t h e  g l a s s  
t o  t a k e  p i c t u r e s  of t h e  t i r e  as i t  passed overhead. This  t echn ique  permit ted 
a d e t a i l e d  s tudy  of t h e  changing flow p a t t e r n s  i n  t h e  t i r e  f o o t p r i n t  area 
under  v a r i o u s  c o n d i t i o n s  of forward speed, water dep th ,  and t i r e  t r e a d  pat-  
t e r n .  The r e s u l t s  of some of t h e s e  s t u d i e s  of automobile t ires are presented 
i n  t h e  f o l l o w i n g  s e c t i o n  of t h i s  paper. 
PRESENTATION AND DISCUSSION OF RESULTS 
Tread P a t t e r n  E f f e c t s  on Wet Runway Cornering Force 
The test f i x t u r e  shown i n  f i g u r e s  2 and 3 was used t o  exp lo re  t h e  e f f e c t  
3 
> >  
of var ious  parameters on t h e  f r e e - r o l l i n g  corner ing  f o r c e  developed by 
automobile t i r e s ,  and t o  provide a d d i t i o n a l  d a t a  on t h e  e f f e c t s  of hydro- 
I 
planing  on corner ing  f o r c e .  According t o  r e fe rence  3 ,  t i r e  hydroplaning 
occurs  when the  hydrodynamic p res su re  developed i n  t h e  t i re-ground con tac t  
area equals  o r  s l i g h t l y  exceeds t h e  average t i re-ground bea r ing  p r e s s u r e ,  
t hus  fo rc ing  t h e  t i r e  o f f  t h e  pavement su r face  and r e s u l t i n g  i n  l a r g e  l o s s e s  
i n  d i r e c t i o n a l  c o n t r o l  and braking a b i l i t y ,  and poss ib l e  wheel spin-down. 
Assuming t h a t  t h e  average t i re-ground bear ing  p res su re  i s  equal  t o  t h e  
t i r e  i n f l a t i o n  p res su re ,  r e f e rence  3 states  t h a t  t h e  hydroplaning speed of 
smooth t i res  on a smooth s u r f a c e  covered wi th  some f i n i t e  water dep th  may 
be predic ted  wi th  f a i r  accuracy by t h e  s imple r e l a t i o n s h i p  
V p  = 10.3 6 
where Vp = .hydroplaning  speed i n  miles per  hour ,  and p = t i r e  i n f l a t i o n  
p res su re  i n  pounds per  square  inch .  
4 
The l eve l  conc re t e  runway previous ly  desc r ibed  had a n  extremely smooth, 
s tee l - t roweled  su r face  over  p a r t  of i t s  l eng th ,  and i t  w a s  observed t h a t  
due t o  su r face  t ens ion ,  t h e  minimum s t and ing  water dep th  averaged about  
0.04 inch.  S ince  t h i s  dep th  w a s  reasonable  and e a s i l y  maintained,  i t  w a s  
used f o r  the f i r s t  series of tests. I n  t h i s  i n v e s t i g a t i o n ,  t h e  f i x t u r e  w a s  
he ld  a t  a f ixed  yaw a n g l e  of s i x  degrees  r e l a t i v e  t o  t h e  forward motion of 
t h e  carriage, and t h e  s t r u t  p re s su re  accumulator  charged wi th  s u f f i c i e n t  
p re s su re  to  provide a cons t an t  835 pound v e r t i c a l  load on t h e  t i r e .  T i r e  
i n f l a t i o n  pressure  w a s  he ld  cons t an t  a t  27 p s i ,  and each t i r e  w a s  t e s t e d  
a t  nominal forward v e l o c i t i e s  of 20, 40,  50, 60 and 80 miles per  hour .  I n  
t h e  v i c i n i t y  of t h e  g l a s s  p l a t e ,  a green sea-marker dye w a s  added t o  t h e  
water  t o  provide b e t t e r  photographic  c o n t r a s t  between a r e a s  of t h e  t i r e  
4 
\ .  
f o o t p r i n t  i n  c o n t a c t  w i th  t h e  p l a t e  and areas supported by t h e  w a t e r .  
t ires t e s t e d  were s tandard s i z e  6.50 x 13 automobile t ires.  
A l l  
L 
Four t i res  of widely d i f f e r e n t  t r e a d  design w e r e  used t o  exp lo re  t h e  
e f f e c t s  of t i re  t r e a d  p a t t e r n  on co rne r ing  f o r c e  and hydroplaning i n  t h e  
shallow water dep th  of 0.04 inch .  The f i r s t  t i r e  t e s t e d  w a s  a s p e c i a l l y -  
molded smooth t i r e ,  which had a tread-rubber t h i c k n e s s  equal  to  a new t i r e ,  
bu t  w i th  no t r e a d  p a t t e r n .  Photographs of t h i s  t ire taken through t h e  
g l a s s  p l a t e  i n s t a l l e d  i n  t h e  runway s u r f a c e  are  shown i n  f i g u r e  4. For 
comparative purposes,  f i g u r e  4 ( a )  shows t h e  t i r e  a t  rest on t h e  g l a s s  p l a t e  
under f u l l  v e r t i c a l  load wh i l e  t h e  o t h e r  photographs i n  t h i s  f i g u r e  are 
arranged i n  o r d e r  of i n c r e a s i n g  test  v e l o c i t y ,  w i th  d i r e c t i o n  of motion 
being from l e f t  t o  r i g h t  i n  each photograph. The r a t i o  w/wo i n d i c a t e d  
on f i g u r e  4 and subsequent f i g u r e s  i s  t h e  r a t i o  of t h e  in s t an taneous  wheel 
r o t a t i o n a l  v e l o c i t y  t o  t h e  e q u i v a l e n t ,  d r y  runway r o t a t i o n a l  v e l o c i t y ,  so 
t h a t  a r a t i o  of less than  one i n d i c a t e s  some degree of wheel spin-down. The 
. 
f i r s t  evidences of t i r e  hydroplaning, termed p a r t i a l  hydroplaning, can be 
observed i n  f i g u r e  4 ( c )  where a b a r e l y  d i s c e r n i b l e  l i g h t  s t r e a k  through t h e  
c e n t e r , o f  t h e  t i r e  and evidence of water flow a t  t h e  t r a i l i n g  edge of t h e  
f o o t p r i n t  i n d i c a t e  t h a t  a s m a l l  p o r t i o n  of t h e  f o o t p r i n t  has  l o s t  c o n t a c t  
w i t h  t h e  g l a s s  s u r f a c e .  This  e f f e c t  becomes more pronounced i n  f i g u r e  4 (d )  
as t h e  forward speed n e a r s  t h e  p red ic t ed  hydroplaning speed of 53.8 m i l e s  
p e r  hour .  I n  f i g u r e  4 ( e ) ,  a t  s l i g h t l y  above t h e  hydroplaning speed, i t  can 
be seen t h a t  a l though  a s i g n i f i c a n t  po r t ion  of t h e  t i re  i s  s t i l l  i n  c o n t a c t  
w i t h  t h e  s u r f a c e ,  wheel spin-down (w/wo = .864) has begun, with probable  l o s s  
of d i r e c t i o n a l  c o n t r o l .  The h i g h e r  speed of f i g u r e  4 ( f )  r e s u l t s  i n  a very 
Pronounced w a t e r  channel through t h e  c e n t e r  of t h e  t i re ,  a c h a r a c t e r i s t i c  
5 
8 ,  
of automobile t i res  which i s  due t o  t h e  more h ighly  loaded shoulders  of t h e  
t i re .  
8 
The e f f e c t  of t i r e  grooving w a s  explored by u s i n g  a t i r e  similar i n  a l l  
r e s p e c t s  t o  t h e  smooth t i r e  j u s t  desc r ibed ,  but  wi th  f o u r  - s t r a i g h t  , uniformly- 
spaced,  c i r cumfe ren t i a l  grooves about  1 / 4  inch  wide and 1 /4  inch  deep c u t  
i n t o  the  t r e a d .  Examination of t h e  s e r i e s  of photographs i n  f i g u r e  5 w i l l  
show how these grooves o f f e r  good escape pa ths  f o r  t h e  water t rapped between 
t h e  t i r e  and ground, and thus  permit a de lay  i n  t h e  s i g n i f i c a n t  bu i ld -up  of 
hydrodynamic p res su res  t o  a speed w e l l  above t h e  pred ic ted  hydroplaning speed. 
A t  a l l  speeds the  grooves a l low t h e  rap id  passage of water as shown by the 
heavy flow through t h e  grooves a t  t h e  t r a i l i n g  edge of t h e  f o o t p r i n t .  It 
w i l l  a lso be noted t h a t  t h e  e f f e c t i v e  groove width changes cons ide rab ly  
through the  t i r e  f o o t p r i n t  due t o  t h e  "squeezing" a c t i o n  of t h e  t i r e .  
Since t h e  o u t s i d e  edges o r  shoulders  of an  automobile  t i r e  are t h e  most 
heav i ly  loaded, and are t h e  last  p o r t i o n s  of t h e  t i r e  f o o t p r i n t  t o  leave  t h e  
d 
s u r f a c e ,  i t  w a s  f e l t  t h a t  grooves i n  t h i s  area might provide f u r t h e r  escape  
pa ths  f o r  t h e  water  and o f f e r  improved h igh  speed co rne r ing  f o r c e s .  Th i s  
was done a s  i s  shown i n  f i g u r e  6 where narrow lateral c u t s  were made a t  
1 / 2  inch i n t e r v a l s  i n  t h e  shoulder  r i b  of a t i r e  similar t o  t h e  4-groove 
t i re .  These c u t s  o r  s l o t s  d i d ,  i n  f a c t ,  prove q u i t e  b e n e f i c i a l  as evidenced 
by the flow p a t t e r n s  of f i g u r e  6 ,  and by t h e  absence of wheel spin-down even 
a t  t h e  h ighes t  speed t e s t e d ,  f i g u r e  6 ( f ) .  
For comparative purposes ,  a t i r e  having a t y p i c a l  product ion  t r e a d  
p a t t e r n  was a l s o  t e s t e d ,  w i th  t h e  r e s u l t s  shown i n  f i g u r e  7.  T h i s  t r e a d  
p a t t e r n  proved t o  be q u i t e  e f f e c t i v e  up  t o  t h e  h i g h e s t  speed t e s t e d ,  as 
shown by absence of wheel spin-down, f i g u r e  7 ( f ) ,  and no observed l i g h t  areas 
6 
. .  
i n  t h e  c o n t a c t  patch.  
b 
A summary of t h e  co rne r ing  f o r c e  c o e f f i c i e n t s  measured on smooth, w e t  
conc re t e  f o r  t h e  f o u r  t i res  t e s t e d  i s  shown i n  f i g u r e  8 ,  where co rne r ing  
f o r c e  c o e f f i c i e n t  as used h e r e  i s  t h e  r a t i o  of measured s i d e  load t o  v e r t i c a l  
load.  Cornering f o r c e  va lues  measured f o r  t h e  4-groove t i r e  r o l l i n g  d ry  on 
t h e  same smooth c o n c r e t e  s u r f a c e  are included f o r  comparison. The r e s u l t s  
show how t h e  performance of any t i r e  i s  degraded by t h e  presence of even 
small amounts of water, a l though t h e  b e n e f i t s  of a good t r e a d  p a t t e r n  are 
e v i d e n t .  The good performance demonstrated by t h e  production-type t i r e  i s  
probably due t o  t h e  presence of "s iping,"  o r  small k n i f e  c u t s  i n  t h e  t r e a d ,  
s i n c e  t h e  f low p a t t e r n s  e x h i b i t e d  i n  f i g u r e  7 suggest  r e l a t i v e l y  i n e f f i c i e n t  
water escape pa ths  through t h e  zig-zag grooves as opposed t o  s t r a i g h t  grooves.  
- Considering t h e  d a t a  shown i n  f i g u r e  8, i t  seems t h e  p r e d i c t e d  dynamic hydro- 
p l an ing  speed i s  not  t h e  on ly  c o n t r o l l i n g  f a c t o r  i n  t h e  shallow w a t e r  d e p t h  
t e s t e d ,  a t  least on t h e  smooth c o n c r e t e  su r face .  I n  d i s c u s s i n g  t h e  v a r i o u s  
f a c t o r s  a f f e c t i n g  t i r e  hydroplaning, r e fe rence  3 s t a t e d  t h a t  i n  water d e p t h s  
g r e a t e r  t han  t h e  groove dep th  i n  a t i r e ,  t h e  grooves become "choked." The 
t i r e  would then  ac t  as a smooth t i re ,  and t h e  hydroplaning speed equa t ion  
would a g a i n  app ly .  
Th i s  w a s  demonstrated i n  t h i s  i n v e s t i g a t i o n ,  by r e p e a t i n g  t h e  same series 
of tests j u s t  d e s c r i b e d ,  b u t  w i th  t h e  water dep th  he ld  c o n s t a n t  a t  0 .4  inch .  
The r e s u l t s  of t h e  deep water tests are sumnarized i n  f i g u r e  9 ,  f o r  t h e  f o u r  
t ires t e s t e d .  It w i l l  b e  noted t h a t  a l l  of t h e  tires l o s e  co rne r ing  p o w e r  
and undergo wheel spin-down very c l o s e  t o  t h e  hydroplaning speed p r e d i c t e d  by 
t h e  method of r e f e r e n c e  3 .  Thus i t  seems t h a t  t h e  occurrence of t r u e  dynamic 
hydrop lan ing ,  and t h u s  t h e  accuracy of t he  equa t ion  V p  = 10.3 G i n  Pre- 
7 
d i c t i n g  i t s  speed of occurrence,  depends t o  a l a r g e  degree upon 
depth .  The apparent  i n c r e a s e  i n  corner ing  f o r c e  experienced i n  
4 ,  
t h e  water 
excess  of 
b 
hydroplaning speed by some of t h e  tires i s  only a component of i n c r e a s i n g  
f l u i d  drag and i s  no t  a t r u e  measure of lateral t i re- to-ground f r i c t i o n .  
Examples of t h e  f low p a t t e r n s  observed i n  t h e  deeper  water a re  shown 
i n  f i g u r e  10, f o r  t h e  4-groove t i r e ,  and f i g u r e  11, f o r  t h e  t y p i c a l  product ion 
t i re .  
f i g u r e  10(e)  and 1 0 ( f )  and f i g u r e  l l ( e )  and l l ( f )  are  explained by t h e  l imi t ed  
length  of t h e  t e s t  su r f ace .  A t  t h e  h ighe r  forward speeds,  t h e r e  w a s  i n s u f f i -  
c i e n t  time f o r  complete wheel spin-down t o  occur ,  a l though examination of t h e  
records  showed t h a t  t i re- to-ground f r i c t i o n  va lues  dropped t o  nea r  ze ro  as 
soon as t h e  t i r e  en te red  t h e  deep  water. These f i g u r e s  emphasize t h e  f a c t  
t h a t ,  i n  automobile ope ra t ion ,  a good t r e a d  p a t t e r n  may provide an adequate  
margin of s a f e t y  on normally w e t  pavements, but  t h a t  hydroplaning may be a 
hazard t o  any t i r e  ope ra t ing  i n  l a r g e ,  deep puddles ,  p a r t i c u l a r l y  s i n c e  t h e  
l o s s  of t r a c t i o n  i s  almost  i n s t an taneous  when deep water i s  encountered.  
The apparent  i n c o n s i s t e n c i e s  i n  degree of spin-down (w/wo) noted i n  
* 
While no braking tes ts  were performed wi th  t h e s e  automobile  t i res ,  pre- 
v ious  experience wi th  t h e  brak ing  of a i r c r a f t  tires ( r e f .  4 )  s t r eng thens  t h e  
b e l i e f  t h a t  t h e  same f a c t o r s  which i n f l u e n c e  co rne r ing  f o r c e ,  i. e . ,  t r e a d  
p a t t e r n ,  water dep th ,  t i r e  p res su re ,  e tc . ,  w i l l  predominantly i n f l u e n c e  w e t  
pavement braking e f f e c t i v e n e s s .  
E f f e c t  of Pavement Texture  on Wet F r i c t i o n  C o e f f i c i e n t s  
As previously s t a t e d ,  t h e  l e v e l  c o n c r e t e  test  s u r f a c e  was provided wi th  
a n  extremely smooth, s tee l - t roweled  s u r f a c e  f i n i s h .  I n  o r d e r  t o  exp lo re  t h e  
e f f e c t s  of su r f ace  t e x t u r e  on co rne r ing  f o r c e ,  a p o r t i o n  of t h i s  s u r f a c e  w a s  
8 
sandblasted t o  provide a somewhat rougher f i n i s h .  Even t h i s  s l i g h t  amount of 
roughening had a marked e f f e c t  as shown i n  f i g u r e  12 where measured co rne r ing  
. 
f o r c e  c o e f f i c i e n t s  are compared f o r  t h e  smooth and 4-groove t i res  on t h e  
roughened conc re t e  and on t h e  smooth concrete .  S ince  t h e  pavement which w a s  
roughened by s a n d b l a s t i n g  provided very l i t t l e  i n  t h e  way of d ra inage  c h a n n e l s ,  
t h e  g r e a t  improvement noted f o r  t h i s  s u r f a c e  must be due i n  some manner t o  
t h e  a s p e r i t i e s  caused by t h e  sandb las t ing .  It seems l o g i c a l  t h a t  t h i s  g a i n  
might be due t o  t h e  a c t i o n  of t h e  a s p e r i t i e s  i n  breaking u p  t h e  v i scous  f i l m  
of water found a t  t h e  s u r f a c e ,  e s p e c i a l l y  s i n c e  l a r g e  improvements i n  co rne r ing  
f o r c e s  are noted even a t  very low speeds,  where t h e  dynamic p res su re  of t h e  
water i s  i n s i g n i f i c a n t .  
Th i s  argument g i v e s  credence, then,  t o  t h e  e x i s t e n c e  of two t y p e s  of 
hydroplaning: t h a t  i s ,  dynamic, o r  true, t i re  hydroplaning, where very l o w  
f r i c t i o n  c o e f f i c i e n t s  r e s u l t  when t h e  t i r e  i s  l i f t e d  o f f  t h e  pavement by 
hydrodynamic p res su res  i n  t h e  t i r e  f o o t p r i n t ,  and v i scous  "hydroplaning" which 
occur s  on ly  on a smooth s u r f a c e ,  and g i v e s  very low f r i c t i o n  c o e f f i c i e n t s  even 
a t  very low speeds.  The r e s u l t s  shown i n  f i g u r e  12 suggest t h a t  v i scous  
hydroplaning may be combated e i t h e r  w i th  improved t r e a d  des igns  o r  wi th  good 
pavement d e s i g n s .  However, good t r e a d  design should no t  be r e l i e d  upon to  
t h e  e x c l u s i o n  of good pavement des ign ,  since a l l  t o o  o f t e n  t ires are used 
u n t i l  t hey  become smooth. 
While i t  h a s  been demonstrated t h a t  minor changes i n  pavement t e x t u r e  can  
o f f e r  g r e a t l y  improved t ire performance, i t  i s  a t  t h e  same t i m e  acknowledged 
t h a t  such changes or d i f f e r e n c e s  i n  pavement t e x t u r e  are very d i f f i c u l t  t o  
d e s c r i b e  q u a n t i t a t i v e l y  and i n  meaningful terms. 
by Joyne r  of t h e  Landing and Impact Branch ( r e f .  5 )  which might be used t o  
A method has  been suggested 
9 
provide a measure, simply and qu ick ly ,  of t h e  average  a s p e r i t y  h e i g h t  of a 
g iven  pavement s u r f a c e ,  and g i v e  an  i d e a  of t h e  probable  f r i c t i o n  l e v e l s  t o  be  
expected of that  s u r f a c e  when w e t .  The appara tus  i s  p i c tu red  i n  f i g u r e  13,  
and e s s e n t i a l l y  c o n s i s t s  of a known volume of cup g rease  a p p l i e d  t o  t h e  pave- 
ment as shown. Two p a r a l l e l  s t r i p s  of masking t a p e  are a p p l i e d  t o  t h e  s u r f a c e  
a known d i s t a n c e  a p a r t ,  and t h e  known volume of g rease  contained i n  t h e  tube  
i s  expel led by t h e  plunger  onto  t h i s  area. A squeegee, made of rubber  which 
i s  similar i n  Hardness t o  t i r e  c a r c a s s  rubber ,  i s  then used t o  work t h e  g rease  
i n t o  the  s u r f a c e  between t h e  l i n e s  of t a p e .  Care i s  taken t o  a s s u r e  t h a t  no 
l a r g e  accumulations of g rease  remain around t h e  l a r g e r  a s p e r i t i e s ,  and t h a t  
t h e  grease  i s  app l i ed  as uniformly as poss ib l e .  When t h e  g rease  h a s  been 
uniformly d i s t r i b u t e d  over  t h e  area as f a r  as i t  w i l l  go, t h e  r e s u l t i n g  area 
thus  covered i s  measured, and when t h e  i n i t i a l  volume i s  d iv ided  by t h i s  area, - 
t h e  number r e s u l t i n g  may be taken as an  average  a s p e r i t y  h e i g h t  ove r  t h e  su r -  
f a c e .  
I 
This  method should be s t a t i s t i c a l  i n  n a t u r e ,  wi th  a number of samples of 
a s i n g l e  su r face  being taken and averaged. A s  a check on t h e  method, measure- 
ments were taken  of s e v e r a l  t e s t  s u r f a c e s  a t  t h e  landing  loads  t r a c k  du r ing  
t h e  course of a n  extended series of a i r c r a f t  t i r e  braking  tests.  F igu re  14 
shows a c o r r e l a t i o n  of t h e  average  braking  f r i c t i o n  c o e f f i c i e n t s  developed by 
t h e  a i r c r a f t  t i r e  a t  t h r e e  forward v e l o c i t i e s  w i t h  t h e  average  s u r f a c e  t e x t u r e  
depth  measurements obtained by t h e  g r e a s e  technique .  The r e s u l t s  of f i g u r e  14 
show t h a t  roughening t h e  s u r f a c e  provides  l a r g e  i n c r e a s e s  i n  f r i c t i o n  c o e f f i -  
c i e n t  u n t i l  t h e  t e x t u r e  approaches t h e  ave rage  t e x t u r e  dep th  measured f o r  t h e  
small aggregate  a s p h a l t  su r f ace .  For t e x t u r e s  rougher  than  t h i s ,  t h e  e f f e c t  
seems t o  be n e g l i g i b l e  f o r  low speeds and only  modera te ly  e f f e c t i v e  for h i g h e r  
10 
* -  
speeds. 
a l though a v a s t l y  g r e a t e r  number of sample su r faces  should be measured and 
checked. 
C o r r e l a t i o n  such as t h i s  g ives  some confidence i n  t h i s  method, 
P o s s i b l e  Methods of Improving Wet Surface  T r a c t i o n  
The foregoing  r e s u l t s  sugges t  s e v e r a l  methods by which w e t  pavement 
t r a c t i o n  may be  improved. The t e x t u r e  of the pavement i t s e l f  h a s  been shown 
t o  be of v i t a l  importance and i t  has  been shown t h a t  u n d e s i r a b l e  e f f e c t s  can 
be minimized by providing a s p e r i t i e s  t o  puncture t h e  v iscous  f l u i d  f i l m  i n  
o r d e r  t o  prevent  t h e  occurrence  of v i scous  "hydroplaning." The need f o r  
adequate  d ra inage  channels  from t h e  t ire-ground c o n t a c t  a r e a  t o  improve 
co rne r ing  f o r c e  has  been proved, and such channels might be provided i n  t h e  
pavement des ign  through grooving o r  some o t h e r  technique .  
should be designed wi th  adequate  s u r f a c e  dra inage  t o  prevent  accumulation of 
Any pavement 
* water  t o  s u b s t a n t i a l  depths .  
It  has  been shown t h a t  an  e f f e c t i v e  t read  des ign  can do much t o  improve 
w e t  pavement performance, and i t  i s  equal ly  t r u e  t h a t  a good t r e a d  des ign  
must be maintained i n  good cond i t ion .  Tes t s  a t  t h e  t r a c k ,  r e f e r e n c e  6 ,  have 
shown t h a t  an  a i r c r a f t  t i r e  which i s  about 80 percent  worn behaves much as 
a smooth t i re ,  and i n  f a c t ,  t h a t  normal t read  deformation i s  enough t o  c l o s e  
such shal low grooves completely.  It i s  supposed t h a t  t h e  same t r end  would be 
noted on automobile  tires. 
A method f o r  improving w e t  pavement t r a c t i o n  which may have l imi t ed  
a p p l i c a t i o n  f o r  automobiles  bu t  shows some promise f o r  a i r c r a f t  i s  t h e  re- 
moval of water from i n  f r o n t  of t h e  t i r e  through t h e  u s e  of a i r  jets,  as shown 
i n  f i g u r e  15. These tes ts ,  repor ted  i n  d e t a i l  i n  r e f e r e n c e s  5 and 7 ,  have 
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shown remarkable improvements i n  wet pavement braking and co rne r ing  fo rce .  
Some of t h e  tests were conducted on an automobile t i r e  on t h e  conc re t e  s u r f a c e  
. 
descr ibed i n  t h e  f i r s t  s e c t i o n  of t h i s  paper ,  with t h e  r e s u l t s  shown i n  
f i g u r e  16. I t  can be seen t h a t  t h e  corner ing  f o r c e  c o e f f i c i e n t  i s  g r e a t l y  
increased by t h e  u s e  of a i r  j e t s ,  even i n  r e l a t i v e l y  deep water, and t h e  re- 
s u l t s  on t h e  smooth s u r f a c e  i n d i c a t e  t h a t  t h e  a i r  j e t  may a l s o  h e l p  t o  break 
up  t h e  viscous f l u i d  f i l m .  
CONCLUDING REMARKS 
The purpose of t h i s  paper i s  t o  show how w e t  pavements can degrade t h e  
braking and corner ing  performance of automobile  t i res ,  t o  d i s c u s s  some of 
t h e  mechanisms which cause t h i s  deg rada t ion ,  and t o  exp lo re  ways i n  which such 
l o s s e s  i n  performance can be lessened o r  e l imina ted .  A simple formula f o r  
conserva t ive ly  p r e d i c t i n g  t h e  hydroplaning speed of a pneumatic t i r e  has  been 
demonstrated t o  be a c c u r a t e  f o r  automobile t i res  on a smooth s u r f a c e  covered 
4 
with  water t o  dep ths  on t h e  o r d e r  of 0.4 inch .  
t h e  combined e f f e c t s  of p a r t i a l  dynamic hydroplaning and v iscous  hydroplaning 
It h a s  a l s o  been shown t h a t  
a s soc ia t ed  wi th  f i l m s  of water on t h e  o r d e r  of 0.04 i nch  t h i c k  can cause  
s i g n i f i c a n t  l o s s e s  i n  co rne r ing  power a t  speeds w e l l  under  t h e  p red ic t ed  
hydroplaning speed. The importance of pavement t e x t u r e  has  been demonstrated,  
and a simple method proposed which g i v e s  promise as a way t o  c l a s s i f y  t h e  
degree  of s l i p p e r i n e s s  of w e t  pavements. 
12 
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Figure 3 . -  Close-up view of t es t  f i x t u r e  w i t h  automobile t i r e  ins ta l led .  
I . .  
(a)  T i r e  a t  rest .  (b) VG = 20.3 mph, ~ / a ~  = 1. 
( c )  VG = 37.4 mph, a/U0 = 1. (a) VG = 49.1 mph, u/o0 = 1. 
r n  i * 
(e )  VG = 56.4 mph, u/m0 = 0.864. (f) VG = 76.7 mph, o/uo = 0.n5. 
Figure 4.- Photographs of smooth t i r e  t a k e n  through g lass  p l a t e .  
V e r t i c a l  load = 833 pounds. 
Yaw angle = 6 O .  
Water depth = 0.04 inch. 
Direction of t r a v e l  l e f t  t o  right. 
(a) Tire  a t  rest. 
(e) VG = 63.2 mph, u/u0 = 1. 
(b) Vc = 22.4 mph, cu/oo = 1. 
. 1 ) .  
Figure 5.- Photographs of 4-groove tire taken through glass  p l a t e -  
Vertical load = 835 pounds. 
Yaw angle = 6 O .  
Water depth = 0.04 inch. 
Direction of motion lef t  t o  right. 
. 
(a) Tire a t  rest. (b) VG =c 18.0 T h ,  a/a0 = 1. 
Mgure 6.- Photograpbs of &-groove t i re  w i t h  s lotted shoulder r i b  
Direction of motion 
taken through glass plate .  
W a t e r  depth = 0.04 inch. 
left t o  right. 
Vertical load = 835 pounds. 
Yaw angle = 6'.
(a)  T i r e  a t  r e s t .  
(c )  VG = 36.2 mph, U/Uo = 1. 
(b) VG = 19.8 mph, U/U0 = 1. 
(e)  VG = 59.9 mph, (LI/(LI0 = 1. (f) VG = 75.3 mph, U/uo = 1. 
Figure 7.- Photographs of typ ica l  production-type t i r e  taken through glass  plate .  
Vertical load = 835 pounds. Water depth = 0.04 inch. Yaw angle = 6'. Direc- 
t i o n  of motion l e f t  t o  r igh t .  
. 
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(a) Tire a t  rest. 
L-... 
(e) VG = 62.6 mph, o/oo = 0.193. (f) Vc = 87.8 q h ,  &/ao = 0.400. 
Figure 10.- Photographs of 4-groove tire taken through glass  plate.  
Water depth = 0.4 inch. 
Yaw angle = 6O. 
Vertical load = 835 pounds. 
Direction of motion lef t  t o  right. 
(a) Tire a t  r e s t .  
(e)  VG = 59.2 mph, U/Uo = 0.245. ( f )  VG = 7'7.3 mph, u/.)O = 0.425- 
Figure 11.- Photographs of typ ica l  production-type t i r e  taken through glass 
plate.  
Yaw angle = 6'. 
Water depth = 0.4 inch. Ver t ica l  load = 835 pounds. 
Direction of motion le f t  t o  right. 
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